The 16S-23S rDNA internal transcribed spacer (ITS) sequence, located in the rrn operon, has been analyzed and evaluated for use in phylogenetic analysis and the detection target of bacteria. The ITS region displays a high level of diversity, being present in multiple copies and displaying variability in both length and sequence, and it carries more phylogenetic information than 16S rDNA. However, appropriately identifying ITS regions to use in analyses is challenging. To solve this problem, we analyzed the ITS regions in Vibrio parahaemolyticus and predicted the secondary structure of each analogous rrn transcript. The genomic DNA of V. parahaemolyticus contains approximately 8-14 rrns, making it more complex than the sequences of most other bacterial species. We analyzed 216 ITSs, of which 206 ITSs come from 18 complete genomes, and 10 ITSs were identified in the present study. The subunits of each ITS were distinguished by their predicted secondary structures. We propose a refined backbone model of the V. parahaemolyticus ITS that can be applied to the sequences of other bacteria. The backbone includes C, V, tDNA and linker blocks. These blocks, which may represent true functional units, may be used as potential targets for phylogenetic analysis or molecular detection.
INTRODUCTION
In bacteria, the diversity of genomes, especially the sequence diversity of housekeeping genes, is widely applied in phylogenetic analysis and molecular biological detection. The sequence of 16S rDNA, as the most widely used housekeeping gene, has provided a phylogenetic framework that has served as the backbone, normally at a genus level, for modern microbial taxonomy in the last several decades (Woese 1987; Stackebrandt and Goebel 1994; Garrity, Bell and Liburn 2004; Kou et al. 2018 ). This sequence is used because 16S rDNA is present in all bacteria genomes, always performs the same function, and is composed of highly conserved domains as well as variable domains with sequence diversity (Vandamme et al. 1996) . However, the 16S rDNA sequence provides less evidence about the diversity of closely related species, which limits its application. In contrast, 16S-23S rDNA internal transcribed spacer (ITS) sequences consist of none or several tDNA and non-coding sequences, making them more variable than 16S rDNA sequences (Chun, Huq and Colwell 1999) .
ITSs are arranged and aligned in a mosaic-like structure and have been successfully used to differentiate bacterial taxa (Chun, Huq and Colwell 1999; Rocap et al. 2002; Milyutina et al. 2004; Osorio et al. 2005; Sadeghifard et al. 2006; Janezic et al. 2014) . The diversity of ITSs is due to the following factors: (i) different tDNAs within the structure, (ii) different mosaic-like structural compositions, and (iii) various sequences in the same position in the mosaic block. These elements of diversity are present in different species, different strains of the same species, and even in different rrn operons of one strain (Valcheva et al. 2007) . The rrn operon is a multi-copy gene in the prokaryotic genome. The sequences of 16S rDNA, 23S rDNA and 5S rDNA are basically the same across the multiple copies of rrn in a bacterial strain, while ITSs exhibit variation in both their base pair length (from 60 bp in Thermoproteus tenax to 1529 bp in Bartonella elizabethae) and sequence (Gurtler and Stanisich 1996; Doolittle and Bapteste 2007) . The diversity of ITSs is mainly due to the type and number of interspersed tDNAs. Most bacterial ITSs contain from zero to two tDNAs. However, multiple types of ITSs were found in Vibrio species (Chun, Huq and Colwell 1999) ; for example, Vibrio cholera has six types, Vibrio vulnificus has five types and Vibrio parahaemolyticus has six types. Hence, bacteria in the genus Vibrio appear to be one of the best models for ITS sequence analysis (Maeda et al. 2000; González-Escalona, Romero and Espejo 2005; González-Escalona, Jaykus and DePaola 2007; Fernandez and Avendano-Herrera 2009; Hoffmann et al. 2010) . Therefore, V. parahaemolyticus was chosen for the analysis of ITS diversity conducted in the present study.
We predicted the secondary structure of the V. parahaemolyticus ITS transcription product and illustrated the mosaic-like structure harbored within the stem and loop structure. Furthermore, we refined a concise ITS backbone model of V. parahaemolyticus and predicted the regions that contain diversity. The results suggested that the variability of ITS sequences is due to their secondary structure, which may function in the folding and maturation of its long polycistronic RNA transcription products.
MATERIALS AND METHODS

Bacterial strains and DNA extraction
Three isolates of V. parahaemolyticus, QDU13061 (serotype O5), QDU13083 (O3) and QDU13101 (O5), were isolated from shellfish samples in June, August and October of 2013, respectively. These isolates were identified using the FDA standard biochemical tests (http://www.fda.gov/ food/foodscienceresearch/laboratorymethods/ucm2006949.htm, accessed 2015). The strains were grown on Luria-Bertani (LB) agar (Oxoid Inc., Basingstoke, UK) at 37
• C for 18 h. A single colony of bacterium was picked up and inoculated into LuriaBertani broth. After a 12 h incubation, 1 ml of the pure culture broth was used for DNA extraction. Chromosomal DNA was isolated using a bacterial genomic DNA extraction kit (TIANGEN Ltd., Beijing, China) according the manufacturer's instructions. The extracted DNA was diluted to approximately 50 ng μl −1 and maintained at −20 • C for ITS PCR amplification. 
Internal transcribed spacer PCR
Cloning and sequencing
Each visible band of the ITS amplicons in the agarose gel was cut and purified using a DNA purification kit (TIANGEN Ltd., Beijing, China) according to the manufacturer's instructions. The purified DNAs were digested by EcoRI and PstI in buffer H (TAKARA Ltd., Dalian, China) at 37
• C for 1 h and then incubated at 70
• C for 30 min to inactivate the restriction enzymes. The digested ITS fragments were ligated into pGEM-T plasmids by T4 DNA ligase (TIANGEN Ltd., Beijing, China), and the plasmids were predigested with EcoRI and PstI. The ligated plasmid was transformed into highly competent E. coli, and the recombinants were selected according to the standard blue-white cloning procedure. The selected clones were grown in LB broth containing ampicillin, and the plasmids were purified with the Wizard Mini-Prep Kit (TIANGEN Ltd., Beijing, China). The size of the inserts was confirmed by 1% agarose gel electrophoresis after EcoRI-PstI digestion. The selected inserts were custom sequenced by Sangon Ltd (Shanghai, China).
Nucleotide sequence accession numbers
The nucleotide sequences of the ITSs determined in this study were deposited in GenBank under accession numbers KT945004 to KT945013.
Sequences analysis
In addition to the ITS sequences from the three isolates, the ITSs in the rrn operons of the other 18 V. parahaemolyticus strains (Table 1) , for which complete chromosome sequences were determined, were collected from the nucleotide database of the National Center for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/nuccore). For all ITSs, GeneTool 2.0 software was used for multiple sequence alignment and comparison and the identification of different types of tDNA within the ITS regions. ITSs with similar lengths were pooled into groups and analyzed. The secondary structures of analogue rrn operon sequences were predicted in the form of RNA molecules using RNAstructure version 5.3 with default settings, and the structures were redisplayed using the RnaViz program. The sequence blocks identified by secondary structure analysis were compared with the public gene sequences using the Nucleotide BLAST program on the NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to assess the diversity of the ITS sequences. The max score in the BLAST alignment results, which was calculated from the homology and length values, was employed to evaluate the specific sequences of the blocks. A relative score (RS) was defined as the ratio of each max score to the highest max score from every alignment. The RS statistics of V. parahaemolyticus and non-V. parahaemolyticus were calculated to describe the variation of the ITSs.
RESULTS
ITS sequence diversity in V. parahaemolyticus
After the complete sequence analysis of 18 selected clones, 10 different amplicons were found and combined together with the other 206 ITSs from eighteen complete genome sequences (Table 1) All of the ITSs were arranged by alignment, regardless of their tDNA types. The ITSs had a mosaic-like structure, which has been described in several previous studies (Osorio et al. 2005; Sadeghifard et al. 2006) . This mosaic-like structure originates from the presence of insertions or deletions of short DNA sequence blocks in different combinations. In addition to the various blocks, some stable blocks shared the same DNA sequences in each type of ITS. To simplify the division of the blocks, we defined only four block types: (i) C block, sequence is shared by all ITSs; (ii) V block, sequence is only found in some types of ITSs; (iii) tDNA; and (iv) linker, the sequence between tDNAs. The ITSs of V. parahaemolyticus had two C blocks (C1 in the 5 end of the ITS, C2 in the 3 end) and two V blocks in different types of ITS (Fig. 1) . Color of the frame: green and blue, conserved in all types of ITS; orange, conserved in the same ITS type; grey, the inner stem lacking in some strains of the same ITS type; red, the various sequences of this block.
The secondary structure for the six types of the ITS transcription products
The predicted secondary structure results showed a common backbone consisting of two long stems at both ends of the ITS with a tRNA loop inserted between them, which correlates with the arrangement of the primary backbone structure shown in Fig. 1 . Both 16S rRNA and 23S rRNA were located at one individual loop and were not a core of the secondary structure. Removal of these rRNAs from the sequence of the complete rrn operon resulted in minimal change to the structure, which also folded the tRNA molecule correctly.
The secondary structure of the ITS-N (type I) RNA products contained various structures, including four stems hybridized with reverse complementary sequences upstream of 16S rRNA or downstream of 23S rRNA (hybridization stem), six stems folded by a proximity sequence (inner stem), an incomplete main loop (main loop), and some small loops on the terminals of the stems (Fig. 2A) . The hybridization stem 1 and C1 block had almost completely overlapping sequences. The C2 block contained 2 to 5 hybridization stems and 3 to 6 short inner stems. The V block, consisting of 29 nucleotides, included a main loop and 1 or 2 inner stems. The V block had conserved ITS-N sequences in the different stains. The secondary structure of ITS-G (type II) could be divided into five blocks: C1, V1, tRNA, V2 and C2 (Fig. 2B) . The C1 and C2 blocks were in nearly the same positions as their counterparts in ITS-N sequences. The V1 block contained three subunits in the following order: (i) V1a, a chain in stem 1; (ii) V1b, an inner stem and (iii) V1c, a short linear region or an inner stem ( Fig. 2B and C) . The V2 block contained two subunits, V2a and V2b, and each subunit folds to form an inner stem. The V2a inner stem is variable in different ITS-G sequences (Fig. 2B and D) . Type III and IV comprise two ITS sequences containing two tRNAs: tRNA-Ile and tRNA-Ala in type III, and tRNA-Ala and tRNAGlu in type IV. The ITS sequences in type III and IV can be divided into seven blocks: C1, V1, tDNA1, linker, tDNA2, V2 and C2 (Fig. 1) . According to the secondary structure (data not shown), the main loop, inserted in between the two tDNAs, occurred between the hybridization stem 1 (C1 block) and the complex of hybridization stems 2 to 4 (C2 block). The main loop of the ITS-IA array was arranged in the following order: a V1 block without an inner stem, tRNA-Ile, a short linker, tRNA-Ala, and a V2 block with two inner stems of approximately 60 nt. The corresponding structure sequence in ITS-AG was a V1 block with an inner stem of approximately 40 nt, tRNA-Ala, a short linker, tRNA-Glu, and a V2 block with two inner stems of approximately 60 nt. The ITS sequences in type V (ITS-GLV) and type VI (ITS-GLAV) share V1, and V2 block sequences. The main loop of ITS-GLAV contains four tRNAs and four inner stems in the linkers and V block (Fig. 3) , which is very similar to the structure of ITS-GLV (data not shown), except for an additional tDNA-Ala and a short variable linker sequence.
Sequence analysis of the C blocks
The C1 and C2 blocks are conserved regions in all ITS types, except for a rare base mutation, insertion or deletion. According to all 216 ITS sequences, the C1 block harbors only two base substitutions (Fig. 4A) . The sequences of the C2 block had three different types and were aligned (Fig. 4B) . Four diversified regions were found among the three types, and each region corresponded to an inner stem of the secondary structure ( Fig. 2A) . The sequence in the hybridization stem is more conserved than that in the inner stem.
Sequence analysis of V blocks and linkers
The V blocks connect the C block to the main loop or to another C block in ITS-N. Each V1 block can be divided into two or three sub-blocks. V1a, which is a sub-block, is a part of the hybridization stem, and contains the same types of sequences as the other V block groups. V1b and V1c are the inner stems in the V1 block. They show more diversity within the same type of ITS. V1c vanishes in some ITSs, which is likely due to an independent unit of recombination. All of the V2 blocks consist of two sub-blocks, named V2a and V2b. Each of these sub-blocks codes for a variable inner stem. The linkers range from 2 to 41 nt between the tDNAs. The majority of these linkers cannot fold to form inner stems, with the exception of the linkers between tDNA-Ile and tDNA-Ala, tDNA-Lys and tDNA-Val, and tDNA-Lys and tDNA-Ala.
Specificity of the sequences in the blocks
We compared the sequences of the C and V blocks using BLAST and evaluated the specificity by RS. As shown in Fig. 5A and B, the RS statistical results for the C1 and C2 blocks showed that the data of V. parahaemolyticus (Vp) and non-V. parahaemolyticus (NVp) were crossed in an overlapping region, which illustrated that these consensus blocks may be found in many species of the Vibrio genus. In contrast, some sequences in the V blocks demonstrated their variety. For example, there was no sequence in the NVp similar to that of the V1 block of ITS-IA (Fig. 5H) or the V1 block of ITS-AG (Fig. 5F) . Furthermore, the RS minimum of Green frame, range of inner stem; inner stem name corresponding to that in Fig. 2A .
V. parahaemolyticus in the V2 block of ITS-GLV was 94.7%, while the RS maximum of NVp was 91.7%, and there was a 3% gap between them (Fig. 5K) .
DISCUSSION
In most bacteria, the rDNA, forming multiple copies of the rrn operon arranged in the order 16S-23S-5S, is co-transcribed in a single polycistronic RNA, which has to be processed to obtain the RNA pieces present in ribosomes (Brosius et al. 1981) . The ITS between the 16S and 23S rDNA plays a significant role in polycistronic RNA folding (Iteman et al. 2000) . The ITS has been illustrated to be a mosaic-like structure through the alignment of the primary or predicted secondary structures in previous studies. They illustrated that the ITS contained different variable and conserved nucleotide blocks (Nour 1998; Carr, Gürtler and Seviour 2004; Janezic et al. 2014) . But the reason for the formation of a mosaic structure was still ambiguous. In the present study, we predicted the secondary structure of V. parahaemolyticus ITS and found similar structural composition as above. We analyzed a one-to-one correspondence between mosaic structure and the secondary structure; therefore, we refined the backbone of the mosaic structure arrangement into C, V and linker blocks. These results suggested that the linear mosaic structure was formed by various blocks with different functions. Conserved C1 block hybridized with the sequence upstream of the 16S rRNA, as well as conserved C2 block hybridized with the sequence downstream of the 23S rRNA. The conservation of the two mosaic blocks is an important factor in producing mature 16S rRNA and 23S rRNA. In contrast, the ITS diversity embodied the sequence in the main loop structure, which was also inserted with various numbers and types of tDNAs and inner stems. These inner stems are certainly conserved and occasionally appear in different types of ITSs. The inner stems should contribute to some degree to the folding of polycistronic RNA into the correct structure. Loop structures were more variable and were defined as variable mosaic blocks in other bacterial species (Nour 1998; Iteman et al. 2000; Carr, Gürtler and Seviour 2004) ; these structures were redefined as a part of V blocks in our study.
Similar mosaic-like structures in V. parahaemolyticus or other species of Vibrio genus have been reported in previous studies (Maeda et al. 2000; Lee et al. 2002; González-Escalona, Romero and Espejo 2005; González-Escalona, Jaykus and DePaola 2007; Fernandez and Avendano-Herrera 2009) . However, many authors have differentiated mosaic blocks through the alignment of the primary structure. In the present study, we found the fact that conserved blocks always located at hybridization stems, while variable blocks were on the loop. The mosaic structure is actually composed of the conserved backbone and the random insertion of inner stems. In addition, the length and sequence of inner stems is variable. Meanwhile, the BLAST results showed the specificity of these structures. Although the diversity of the linkers between tDNAs was more abundant, many sequences of various linkers are too short to use in molecular diagnosis. Therefore, the sequences in the V blocks provide suitable targets for bacteria phylogenetic analysis and molecular diagnosis. ITSs have been previously applied in PCR-related methods to identify various bacteria among closely related species (Gurtler and Stanisich 1996; Sabat et al. 2017) . However, the primers and probes used in these methods were designed and evaluated by BLAST alignment without secondary structure verification. The results of our study suggested the specific sequence of V blocks could be reliably used as a barcode to supply a potential universal method for bacteria detection.
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